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Molecular and cellular mechanisms of CLL:
novel therapeutic approaches

Lisa Pleyer, Alexander Egle, Tanja Nicole Hartmann and Richard Greil

Abstract | The mainstay of therapy of chronic lymphocytic leukemia (CLL) is cytotoxic chemotherapy; however,
CLL is still an incurable disease with resistance to therapy developing in the majority of patients. In recent
years, our understanding of the biological basis of CLL pathogenesis has substantially improved and novel
treatment strategies are emerging. Tailoring and individualizing therapy according to the molecular and cellular
biology of the disease is on the horizon, and advances with targeted agents such as monoclonal antibodies
combined with traditional chemotherapy have lead to improved remission rates. The proposed key role of

the B-cell receptor (BCR) in CLL pathogenesis has led to a number of possible opportunities for therapeutic
exploitation. We are beginning to understand that the microenviroment is of utmost importance in CLL
because certain T-cell subsets and stromal cells support the outgrowth and development of the malignant
clone. Furthermore, an increase in our understanding of the deregulated cell-death machinery in CLL is a
prerequisite to developing new targeted strategies that might be more effective in engaging with the cell-death
machinery. This Review summarizes the progress made in understanding these features of CLL biology and
describes novel treatment strategies that have also been exploited in current clinical trials.
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Introduction

The treatment of chronic lymphocytic leukemia (CLL) is
in the process of substantially changing. While treatment
approaches in the past were based on disease control that
achieved a chronic indolent disease, treatment goals
nowadays are aimed at achieving long-term remissions,
at least in a less-indolent subset of patients. Such remis-
sions are defined by negativity for minimal residual
disease (MRD), as measured by highly sensitive methods
such as multicolor flow cytometry. Achievement of an
MRD-negative state is associated with superior long-term
outcome. This has been shown for monotherapy with
the monoclonal antibody alemtuzumab in pretreated
patients with CLL (improved overall and treatment-free
survival for MRD-negative patients);' the combination
of fludarabine, cyclophosphamide and mitoxantrone
as front-line treatment (longer response duration and
overall survival for MRD-negative patients);* and first-
line sequential® or combined therapy* with fludarabine,
cyclophosphamide and rituximab (longer response
duration for MRD-negative patients). Currently, cyto-
toxic drugs are still the mainstay of CLL therapy, with
fludarabine being the backbone of many different treat-
ment regimens. Although it is possible to achieve com-
plete remission rates in the range of up to 80% using
combinations of fludarabine with the anti-CD20 anti-
body rituximab in conjunction with cyclophosphamide
and/or mitoxantrone,> approximately 20% of patients
with CLL do not achieve complete disease control with
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these conventional therapies. In this context it is impor-
tant to emphasize that deactivation of the DNA damage
pathway, most notably by loss of p53 function, leads to
exquisite resistance to cytotoxic agents, including those
mentioned above. Primary resistance to fludarabine,
for instance, is almost uniformly observed in patients
bearing p53-deletions® and has devastating consequences.
Such patients survive for less than 1 year despite dose-
intense salvage therapies. In addition, it is currently not
possible to change the underlying biology of the disease
by impressive reduction of cell numbers and/or lymph-
node size alone, as risk factors such as immunoglobulin
heavy-chain variable region gene (IgVH) mutational
status are still able to predict progression-free survival,
even in patients who achieve a complete remission.” In
future it will be necessary to develop therapeutic strat-
egies that circumvent cellular resistance mechanisms to
cytotoxic agents, which are often caused by an inactive
p53 pathway, in order to obtain sustained remission rates
in patients with adverse prognostic factors. In an effort
to address these medical needs, this Review focuses on
the current knowledge of CLL disease biology, and how
this increased understanding can be employed to develop
therapeutic approaches that might directly modify central
pathways of CLL maintenance and/or bypass cellular
resistance mechanisms to cytotoxic drugs.

Role of BCR-signaling pathways

Immunoglobulin diversity and, therefore, antigen recep-
tor binding specificity of the B-cell receptor (BCR),
results from the assembly of the variable (V), diversity

Laboratory for
Immunological and
Molecular Cancer
Research and llird
Medical Department
with Hematology,
Medical Oncology,
Hemostaseology,
Rheumatology and
Infectiology, Paracelsus
Medical University
Salzburg, Laboratory for
Immunological and
Molecular Cancer
Research, Salzburg,
Austria (L. Pleyer,

A. Egle, T. N. Hartmann,
R. Greil).

Correspondence:

R. Greil, llird Medical
Department with
Hematology, Medical
Oncology,
Hemostaseology,
Rheumatology and
Infectiology of the
Paracelsus Medical
University Salzburg,
Laboratory for
Immunological and
Molecular Cancer
Research, Muellner
Hauptstrasse 4B,
5020 Salzburg, Austria
r.greil@salk.at

NATURE REVIEWS ‘ CLINICAL ONCOLOGY

VOLUME 6 | JULY 2009 | 405

© 2009 Macmillan Publishers Limited. All rights reserved


mailto:r.greil@salk.at
www.nature.com/doifinder/10.1038/nrclinonc.2009.72

REVIEWS

perpetuation.' Comparative analysis of mutated and
unmutated subgroups, however, suggests that B-CLL
cells differing in IgVH phenotype may have different
antigen encounter histories.' Specific stereotyped
HDCR3s are preferentially associated with molecular,
cytogenetic, phenotypic and clinical features, some of
which portend a considerably more-aggressive disease
with shorter time-to-initial treatment and worse overall
survival times, and this might be regardless of IgVH
mutation status.'®? This striking association between
stereotyped BCRs and the phenotypic and clinical fea-
tures for selected subsets of patients suggests that an
antigen-driven process might be critical in determining

Key points

= Antigenic input and B-cell receptor (BCR) signaling are important in the
pathophysiology of chronic lymphocytic leukemia (CLL)

= A number of relevant signals downstream of the BCR signal, or that modify
its signal, have been implicated in CLL and are currently exploited as targets
for therapy

= The contribution of accessory immune cells and of stromal microenvironment
to CLL pathophysiology is starting to be exploited in a therapeutic fashion

= CLL-specific proapoptotic and antiapoptotic influences contributed by
microenvironmental and immunologic cues allow for a unique opportunity to
target the core cell-death machinery in various combinations

= A large number of early clinical trials exploiting such rationales are currently under
way and the results will need careful integration into future therapeutic concepts

(D) and joining (J) gene segments of the immunoglobulin
(Ig) heavy chain (IgH) and the V and ] segments of the Ig
light chains. Further diversity arises from antigen trig-
gered class switching recombination and the deletion or
insertion of nucleotides, as well as the usage of different
open reading frames. The third heavy chain complemen-
tary determining region (HCDR3) has the major role in
determining antigen binding specificity,® and is created
de novo by the VD] recombination process.” Somatic
hypermutation following mature B-cell stimulation
with antigens may occur in a T-cell-dependent or T-cell-
independent manner, mainly within germinal centers,
but also outside classic germinal centers,'® resulting in
further antibody diversity.

In CLL, the biased heavy chain Ig repertoire in con-
junction with preferential usage of distinct light chain
genes, as well as the use of similar amino acid motifs in
the HCDR3, have led to the hypothesis of an antigen com-
ponent being involved in the pathogenesis of the disease.!!
Clonal CLL selection by specific antigens is indicated by
the high proportion of patients with CLL who express
virtually identical Ig heavy and light chains, and the pres-
ence of precisely targeted somatic hypermutation pat-
terns in the form of recurrent ‘stereotyped’ amino acid
changes across the entire IgVH sequence.'*" Evidence for
the important role of the BCR for CLL pathogenesis also
stems from the fact that the mutational status observed
in the BCR sequences is one of the strongest predictors
of disease outcome.'*'>

Initially it was assumed that CLL might comprise two
different diseases: one with cells that express unmutated
IgVH genes (U-CLL) derived from naive B cells, and
another with mutated CLL cells (M-CLL) thought to be
derived from antigen-experienced B cells. It is now
known that all CLL cells bear the surface membrane
phenotype of antigen experienced (CD27) and activated
(CD23, CD25, CD69, CD71) B cells and show gene-
expression profiles similar to memory B cells,'s! irre-
spective of IgVH mutational status. This finding is
consistent with the notion that all cases of CLL have a
common cellular origin and/or common mechanism of
transformation’® and a continued requirement for
antigen after the transformation event in disease

clinical features and for modulating disease outcome,
irrespective of mutation status in B-CLL.*! In addition,
several molecules that modify BCR signaling, such as
ZAP-70 or CD38, display important prognostic power,*
thus lending further support for the prominent role
of BCR signaling in CLL pathophysiology, and identify-
ing molecules involved in BCR signaling as important
potential therapeutic targets.

Downstream signaling of the BCR in CLL is domi-
nated by the kinases Lyn and Syk, which transduce sur-
vival and antiapoptotic signals after antigenic BCR
triggering (Figure 1).* In CLL, antiapoptotic BCR sig-
naling has been associated with prolonged activation of
the MEK/ERK and PI3K/AKT pathways and with AKT-
induced elevated expression of antiapoptotic Mcl-1,
which leads to increased survival of malignant cells
(Figure 1).* Signal transduction via Lyn is regulated and
amplified via CD19 and these signals are responsible for
the establishment of baseline signaling thresholds in B
cells before antigen-receptor ligation, in addition to aug-
menting tonic signaling (that is, BCR signaling occur-
ring independently of antigen-ligation) following BCR
engagement.” Lyn was identified as a major contributor
to antigen-independent BCR signaling as it is strongly
overexpressed, constitutively active and aberrantly
present in the cytosol.”® Additionally, the recruitment
and subsequent activation of Syk to immunoreceptor
tyrosine-based activation motifs within the cytoplasmic
tails of Iga and IgP seems to be disturbed in CLL, as
alternative transcripts of Igp have been described
(Figure 1).2¢ CLL clones with proliferative response to
BCR ligation have considerably higher Syk levels than
nonresponsive ‘anergic’ CLL cells,”” and the tyrosine
kinase ZAP-70 can partially restore BCR signaling when
Syk is not expressed.?

CLL can be distinguished in two subsets depending
on the incidence of somatic mutations in the IgV genes,
with a poorer clinical prognosis for U-CLL compared
with M-CLL.?* ZAP-70, which is involved in T-cell-
receptor signaling, is aberrantly expressed in some
patients with CLL and shows partial, but not complete,
overlap with overexpression of other risk factors such as
the presence of CD38 or unmutated IgVH genes.?*
High ZAP-70 expression in B-CLL cells is associated
with more-aggressive disease. While M-CLL cells are
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Colocalization with, and positive regulation of, BCR within lipid raft
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Figure 1 | The role of BCR signaling in the biology of CLL. The engagement of the BCR leads to complex formation of
CD79alpha-beta heterodimers with several costimulatory molecules. This results in intracellular recruitment and activation
of the protein tyrosine kinases Syk, ZAP-70 and Lyn at the immunoreceptor tyrosine-based activation motifs of the BCR and
activation of several signal transducers and pathways such as p38, JNK, MEK/ERK and PI3K/PKC/AKT. Coligation of B cell
negative regulatory molecules with the BCR results in phosphorylation of ITIMs (instead of ITAMs) and recruitment of
SHP-1, which deactivates signal transduction molecules.#%4* Positive regulators of the BCR are marked in green, while

% miR-29/181

negative regulators are marked in red. The lightning bolt symbols indicate putative therapeutic targets. Abbreviations:
BCR, B-cell receptor; Ig, immunoglobulin; IL, interleukin; ITAM, immunoreceptor tyrosine-based activation motif;

LPA, lysophosphatidic acid; PD-1, programmed death 1; PIR-B, paired immunoglobulin-like receptor B; PKC, protein
kinase C; SDF1la stromal-cell-derived factor 1a; SHP, Src homology 2 domain containing protein tyrosine phosphatase;
Tcl-1, T-cell leukemia 1; XIAR X-linked inhibitor of apoptosis protein.

considered anergized, U-CLL cells seem to retain some
capacity for competent BCR signaling, with an increased
tendency to phosphorylate Syk and to recruit and phos-
phorylate ZAP-70.>! The presence of ZAP-70 can
enhance and prolong BCR signaling in CLL indepen-
dent of its tyrosine kinase function, probably by acting
as an adaptor protein.” The anergy of M-CLL cells is
thought to be the result of chronic exposure to soluble
(auto)antigens in the absence of co-stimulatory signals,*
and of unresponsiveness to BCR signaling owing to
receptor desensitization. In addition, BCR translocation
to lipid rafts (that is, cholesterol-enriched microdomains
in cell membranes) and associated signaling, differs in
M-CLL compared with U-CLL. A constitutive exclusion
of the BCR from lipid rafts was observed in M-CLL and
might be responsible for impaired interactions between
the BCR and the actin cytoskeleton.*®

Another potential modifier of BCR signaling is CD38,
which is a molecule that affects proliferation and
longevity of the neoplastic clone.** CD38 ligation by
monoclonal antibodies results in proliferation and blastic
transformation of a subset of CLL cells, and engagement
of CD38 as a receptor is a Lyn-dependent process.”
Dynamic localization to lipid rafts (for example, medi-
ated by CD31 crosstalk) and lateral association of CD38
with the BCR, CD19 and CD81 (Figure 1) was reported
to be a prerequisite for CD38-mediated signaling, and

enhancement and fine-tuning of BCR signaling.?
Importantly, ZAP-70 represents a limiting factor in the
CD38 signaling pathway, probably serving as a cross-
point where BCR signals are enhanced and where migra-
tory signals from chemokine receptors intersect with
growth signals mediated via CD38 (Figure 1).*” This
might be one reason why CD38*/ZAP-70" patients have
a worse prognosis than CD38*/ZAP-70- patients.*
However, functional linkage or a specific association
with signaling capacity has not been proven so far, and
elevated levels of CD38 and/or ZAP-70 may merely be
markers of activation. In addition, the main determinant
of BCR-mediated signaling may be the expression level
of surface IgM, which is generally upregulated in U-CLL
and downregulated to anergy in M-CLL.*! This molecu-
lar signature of anergy is characterized by constitutive
activation of MEK and ERK.*® As CLL anergy primarily
occurs in the mutated CLL subset, it is not surprising
that ERK phosphorylation defines CLL cases with a
favorable prognosis.*

Targeting the BCR pathway

Pharmacological inhibition of BCR signaling could provide
a dual therapeutic benefit, as disruption of both tonic and
antigen-ligation-dependent BCR signaling is expected. In
this respect, targets could be signaling components of the
BCR itself or modifiers of these components. Agents that
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Table 1 | Agents targeting the BCR and downstream signaling pathways in CLL

Substance Mechanism of action Agent with additive Research status
or synergistic activity
Dasatinib Lyn-inhibtion, lower levels of Becl-xL Fludarabine® Cell lines and primary CLL cells®®
and Mcl-1, elevated p53
Imatinib Abl-inhibition Chlorambucil® In vitro3?
NU7026 Kinase inhibitor Chlorambucil® In vitro*®
Genistein Kinase inhibitor, ZAP-70 Fludarabine Primary CLL cells*3?

Dasatinib (and imatinib)

c-Abl-inhibition, prevent antiapoptotic
CD40-program, restore drug sensitivity

PP2 Lyn inhibition

SU6656

U-0126 MEK1 inhibitor

PD-98059

LY294002 PI3K-inhibitor

LY333531 PKCB inhibitor

Bis | PKC inhibitor (classic and novel

Staurosporine
UCN-01

PKC412

isoforms)

PKC inhibitor (nonselective)

PKC inhibitor (classic isoforms)

Restores sensitivity to
fludarabine, bortezomib,
roscovitine, ABT737

ND

Purine analogs
2-Cda?

ND
ND
PI3K-inhibitor?

ND

ND

Primary lymph node and
peripheral blood CLL samplest®®

In vitro, primary CLL cells??

EHEB CLL cell line, primary CLL
cells®

In vitro, primary CLL cells*®
In vitro, primary CLL cells*®

In vitro, primary CLL cells*®

Phase I/Il in CLL, in vitro,
primary CLL cells*

In vitro, primary CLL cells and

Bryostatin-1 PKC modulator

Rottlerin PKC6 and PKC8 inhibitor, reduction of
Mcl-1 and XIAP

APO866 Inhibits biosynthesis of NAD+ (involved
in DNA-repair)

GSK690693 AKT

Plerixafor (AMD3100), Inhibitors of SDF-1/CXCR4 signaling,

T140, TC14012, inhibits stromal mediated protection

TN14003

TCP168, AMD3465 Inhibitors of SDF-1/CXCR4 signaling,

inhibits stromal mediated protection

Anti-CCR7-Ab
entry into secondary lymphoid tissue

Anti-CCR7-Ab potential blockage of CLL

cell lines**

Rituximab?, fludarabine? Phase Il in CLL?#%:51,135136

Vincristine® Primary CLL cells*®
ND Phase I/1l in refractory CLL*3"
ND Phase | in hematological

malignancies3®

Phase I/1l in CLL
Phase Il in other NHL, in vitro,
primary CLL samples®®

Fludarabine?®

Fludarabine? In vitro, primary CLL samples*®

ND In vitro, primary CLL samples®®

aAgents with additive activity. "Agents with synergistic activity. Abbreviations: Ab, antibody; BCR, B-cell receptor; CLL, chronic lymphocytic leukemia; ND, not
determined; NHL, non-Hodgkin lymphoma; SDF-1, stromal-cell-derived factor 1; XIAR X-linked inhibitor of apoptosis protein.

target the BCR and current clinical trials are listed in
Tables 1 and 2. Potential therapeutic targets in CLL are Lyn
and Syk.*? Specific inhibition of Lyn and Syk induced CLL-
cell apoptosis in vitro, which indicates that these kinases
primarily transmit prosurvival signals.*? Inhibition of Lyn
might partially ‘mimic’ an anergic state, as is present in
M-CLL. The Abl and Src-kinase inhibitor dasatinib induces
apoptosis in primary CLL cells in vitro, with a preference
for the U-CLL and/or ZAP-70-bearing subgroups, at con-
centrations clinically achievable by oral administration.*
Preliminary data of a currently ongoing phase II clinical
trial of dasatinib in heavily pretreated patients with
relapsed CLL was presented at the American Society of
Hematology Annual Meeting and Exposition 2008. Data
from 11 evaluable patients indicates that dasatinib mono-
therapy produced no complete or partial responses

according to National Cancer Institute Working Group
(NCI-WG) criteria. However, several patients showed evi-
dence of biologic activity of dasatinib, including partial
responses in lymph nodes but worsening anemia, decline
in stable disease and reductions of lymphocyte counts.*
Although ZAP-70 and Syk are highly homologous struc-
turally and functionally, direct inhibition of ZAP-70 by
dasatinib is unlikely, as the binding affinity for Syk is
tenfold higher than for most Src family kinases.*® A specific
targeting of ZAP-70 positive CLL, however, was suggested
by inhibition of HSP-90 (heat shock protein 90)."!
Decreased signaling via survival-signaling cascades
involving AKT and ERK, reduced expression of anti-
apoptotic Mcl-1 and Bcl-xL, and increased p53 levels
are at the basis of the antiproliferative and proapoptotic
capacity of dasatinib, probably as the result of inhibition
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Table 2 | Ongoing and currently recruiting clinical trials targeting BCR regulatory molecules

Substance Drug target Study Disease entitiy Clinical Trials Status
phase identifier
MDX-1342 Anti-CD19 | CLL® NCT00593944 Recruiting
Blinatumomab Anti-CD19/CD3 | Relapsed NHL NCT00274742 Recruiting
MT103 I ALL NCTO0560794 Recruiting
Y-90 BU12 Anti-CD19 | CLL®, ALL® NCT00643240 Recruiting
Combotox Anti-CD19/CD22 immunotoxin | B-ALL NCT00450944 Recruiting
Ofatumumab Anti-CD20 + CF + chlormabucil VAl CLL® NCTO0093314 Completed
HuMax-CD20™ n CLL® NCTO0349349 Recruiting
| CLL®, FL NCTO0742144 Recruiting
] Untreated CLL NCT00410163 Ongoing
1 Untreated CLL NCTO0748189 Not yet open
Epratuzumab Anti-CD20 1] Low grade NHL® NCT00022685 Ongoing
and rituximab 1l Low grade NHL? NCT00044902 Completed
1l Untreated FL NCT00553501 Recruiting
90Y-hLL2 Anti-CD20 and autologous all B-NHL® NCT00421395 Completed
stem-cell transplant VAl B-NHL® NCTO0004107 Ongoing
Veltuzumab Anti-CD20 [l Untreated CLL NCTO0546793 Recruiting
hA20 171 NHL® NCTO0596804 Completed
IMMU-106 [l NHL NCT00285428 Completed
Inotuzumab Anti-CD22 + rituximab® Al FL, DLBCL® NCT00299494 Recruiting
0Ozogamazin + rituximab vs R-CVP/R-FND | B-NHL NCTO00724971 Recruiting
CMC-544 n FL NCT00562965 Recruiting
Galiximab Anti-CD80 + rituximab VAl FL® NCTO0575068 Completed
IDEC-114 /1 FL® NCTO0048555 Completed
Lumiliximab Anti-CD23 + FCR + FCR | CLL® NCT00046488 Completed
IDEC-152 171 CLL® NCT00103558 Ongoing
1/m CLL® NCT00391066 Recruiting
Apolizumab Anti HLA-DR + rituximab 1l B-NHL? NCTO0055783 Completed
HU1D10 | LL, B-NHL NCTO0029367 Completed
I CLL/SLLA NCTO0089154 Ongoing
Milatuzumab Anti-CD74 | CLL, B-NHL® NCTO0504972 Recruiting
hLL1 [l CLL, B-NHL® NCTO0603668 Recruiting
SGN-40 Anti-CD40 171 CLL® NCT00283101 Completed
HCD122 Anti-CD40 | CLL® NCT00108108 Terminated
Yl NHL, Hodgkin NCTO0670592 Recruiting
HuMax-CD38 Anti-CD38 171 Myeloma NCTO0574288 Recruiting
Plerixafor CXCR4 (SDF-1) all CLL NCT00694590 Recruiting

aAdvanced, relapsed or refractory disease. Patients who did not respond to fludarabine and campath. °Patients who did not respond to rituximab. “Patients must
have had at least 1 prior dose of rituximab and may not be refractory to rituximab. ¢Patients progressed after at least 1 prior treatment. Abbreviations: ALL, acute
lympoblastic leukemia; B-NHL, B-cell non-Hodgkin lymphoma; CF, endoxan and fludarabine; CLL, chronic lymphocytic leukemia; DLBCL, diffuse large B-cell
lymphoma; FCR, fludarabine, cyclophosphamide and rituximab; FL, follicular lymphoma; NHL, non-Hodgkin lymphoma; R-CVR rituximab, cyclophosphamide,

vincristine and prednisone; R-FND, rituximab, fludarabine, novantrone and dexamethasone; SDF-1, stromal-cell-derived factor 1; SLL, small lymphocytic lymphoma.

of Lyn. An additive effect can be achieved by combination
with fludarabine.** Ex vivo, CLL lymph-node samples
display strong ERK activation together with high levels of
Bcl-xL and Mcl-1, and this has been attributed to CD40-
triggered events by interaction of CLL cells with the
microenvironment.*> Dasatinib and imatinib prevented
antiapoptotic CD40 signaling and restored CLL drug sen-
sitivity to fludarabine, bortezomib and roscovitine, indi-
cating that chemoresistant niches, such as lymph nodes,
may be sensitive to c-Abl inhibitors.*> Importantly, these
effects were also observed in the presence of p53 dys-
function. Thus, dasatinib can overcome chemoresistance,
resulting in the re-establishment of sensitivity to p53-
dependent (fludarabine) and p53-independent drugs (for

example, roscovitine, bortezomib, ABT-737).2 Although
limited effects of dasatinib as a single agent were observed
in a phase II trial, a reduction of lymph-node size was
observed in a major fraction of patients** and at least
two further phase II clinical trials are currently ongoing
(NCT00364286 and NCT00438854). Histone deacetylase
inhibitors seem to be potential combination partners for
dasatinib as they can directly repress the transcription of
Lyn and other Src tyrosine kinases.**

Protein kinase C (PKC) and phosphatidylinositol
3-kinase (PI3K)-mediated signaling pathways are cen-
trally involved in controlling apoptosis and CLL-cell sur-
vival.® Approaches that target several isoforms of PKC
are under clinical investigation. Several PKC isoforms are
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constitutively active in CLL.*® Although some PKC iso-
forms are key mediators of BCR signaling (for example,
PKCPIL, which is overexpressed in CLL and inversely
correlates with CLL-cell response to BCR engagement),”
other isoforms induce AKT activation independently of
BCR ligation and PI3K in CLL cells, but not in normal B
cells, a fact that could be exploited in the future for pro-
ducing a more targeted and selective therapy.*® PKCS is
permanently activated and downstream of the constitu-
tively activated PI3K in CLL. Specific blockade of PKC§
by rottlerin induces apoptosis and synergizes with vin-
cristine in CLL cells but not in normal B lymphocytes.*
It is possible that this synergistic effect of rottlerin is suf-
ficient to disrupt the balance between antagonizing PKCa
and PKCJ isoforms.**** The PKC modulator, bryostatin 1,
increases CD20 expression via MEK1/ERK signaling in
a PKC-dependent manner in CLL B-cells, and leads to a
twofold increase in apoptosis induction by rituximab.!
Of interest, rituximab achieves inhibition of the Raf/
MEK/ERK signaling pathway, resulting in Bcl-xL down-
regulation and chemosensitization.” Intriguingly, farne-
syl transferase inhibitors, known to block Ras activity and
ERK phosphorylation, have been shown to induce CLL
cell apoptosis in primary CLL cells derived from patients
with cladribine and fludarabine refractory disease.>
Inhibition of MEK significantly enhances cytotoxicity of
purine analogs in a CLL cell line.** However, although
considerable, the toxicity of specific MEK inhibition
alone is low. The sensitization of MEK to various cyto-
toxic agents is thought to result from a lower apoptotic
threshold because of downregulation of downstream ERK
targets such as Bcl-2, Bcl-xL and/or inhibitor of apoptosis
proteins (IAPs).

Taken together, although defining the biological role
of the BCR in CLL pathogenesis still remains a chal-
lenge, BCR-targeting strategies show promise as poten-
tial therapeutic approaches. The remarkable difference
in clinical behavior between U-CLL and M-CLL is likely
to involve BCR signal competence; thus, BCR-targeted
treatment strategies will have to be carefully tailored and
individualized to the molecular state of the patient.

Impact of the microenvironment

The major relevant events in CLL pathogenesis—prolif-
eration, survival and hematogenous spread of the malig-
nant cells—are dependent on specific combinations of cell
types and soluble factors present in microenvironmental
niches.**-* Imbalances in the composition of immune
system components contribute to the creation of these
niches. Several aberrant cytokine networks and cell-cell
interactions have been identified (Figure 2)* that result
in T-cell dysregulation, which is responsible for cell-death
evasion and progressive accumulation of the malignant
B cells. On the basis of a better understanding of under-
lying molecular mechanisms, targeting the micro-
environment by either changing the cytokine networks
or modulating immune effector cells, or both, is being
considered as a novel therapeutic concept in CLL.

Immune defects and the role of T cells

There is general agreement that patients with CLL are
immunocompromised with defective T-cell, natural-
killer-cell and dendritic-cell function, in addition to the
obvious B-cell defects.”>*! Patients with CLL typically
develop hypogammaglobulinea and progressive immune
deficiency, which impairs their immune response to
vaccines.® Rather surprisingly, absolute T-cell numbers
are increased and the peripheral blood CD4* and CD8*
T-cell repertoire is markedly oligoclonal.®® The increase
in T-cell numbers is mainly because of an increased CD8*
subpopulation, which results in a lower CD4":CD8*
ratio, especially in patients with progressive disease.®**°
Remarkably, Mackus and colleagues reported that only
cytomegalovirus-positive patients with CLL displayed
increased numbers of CD8" cells with a CD45RA*CD27-
cytotoxic phenotype directed at cytomegalovirus, sug-
gesting that repeated antigenic stimulation in vivo by
viral infections can contribute to the disturbed immune
balance in CLL.”” Nevertheless, adoptive immunotherapy
experiments with cytotoxic T-cell lymphocytes (CTLs)
turned out to be disappointing, as they resulted in rather
weak antitumor responses despite successful CTL pro-
duction.® This gave rise to the search of additional mech-
anisms of how CLL cells are capable of escaping immune
surveillance. Implicated in the abnormal immune func-
tion are immunosuppressive factors and an acquired
functional deficiency of the CD40 ligand (CD40L).%
CLL cells are particularly inept at antigen presentation,
probably because of the low expression of immune co-
stimulatory and adhesion molecules.®” The capability of
immune synapse formation between CLL and T cells is
highly impaired, and CLL T cells display reduced syn-
apse-related signaling and proliferative capacity.® Most
interestingly, direct-contact coculture of CLL B cells with
heterologous healthy T cells induced these defects in the
healthy T cells as well.*

In CLL not only are the CD4:CD8 ratios imbalanced
but there is an additional shift towards activated effector/
memory T cells in both CD4* and CD8* subpopulations.®
Furthermore, expression of CTLA-4, which has the
opposite effect to the co-stimulatory molecule CD28, is
reduced in CLL T cells,” and CTLA-4 knockout mice
develop a clinical and pathological syndrome similar to
human CLL.”* One means by which immunogenicity
could be increased in CLL is by manipulation of the
CD40/CD40L pathway. Activation of CD40 by CD40L
induces proliferation and rescues the cells from sponta-
neous and chemotherapy-induced apoptosis. CD40
activation also induces secretion of cytokines such
as interleukin (IL)-6, IL-10, tumor necrosis factor
(TNF)-alpha, IL-8, and granulocyte-macrophage colony-
stimulating factor. HCD122, a novel anti-CD40 mono-
clonal antibody, was shown to inhibit CD40L-induced
activation of signaling pathways, proliferation and sur-
vival, and secretion of cytokines, and turned out to be a
potent mediator of antibody-dependent cellular cyto-
toxicity, lysing CLL cells more efficiently than rituximab
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Figure 2 | Cellular interactions as potential therapeutic targets in the CLL microenvironment. The diagram shows the
crosstalk of CLL cells with accessory cells in the bone marrow and lymph-node microenvironment, and potential therapeutic
targets. Agents targeting specific crosspoints of the interactions are marked with stars. In the proliferation centers the
growth of leukemic cells is favored by an advantageous T-cell help. Selective manipulation of T-cell subsets or cytokine
networks involved in this interaction can be therapeutically exploited, potential agents are anti-CD200 or HCD122 antibody
or lenalidomide. CLL cell interaction with stromal cells and follicular dendritic cells via chemokine receptors and integrins
leads to extended survival. Chemokine receptor antagonists such as AMD3100 (targeting the CXCR4—-CXCL12 interaction)
and anti-CD38 antibodies possibly interrupt this survival support. Note that interactions and possible therapeutic agents
displayed in a certain organ are dominantly present in this organ, but not necessarily restricted to it. Abbreviations: Ab,
antibody; CLL, chronic lymphocytic leukemia; GM-CSF, granulocyte macrophage colony-stimulating factor; ICAM, intercellular
adhesion molecule; IL, interleukin; TNFa, tumor necrosis factor a; VCAM, vascular cell adhesion molecule.

in vitro.”> Conversely, CD40L expression via gene thera-
peutic approaches has been proposed as a therapeutic
concept.”? One important downstream molecule to
augment the proliferation and survival of memory CD4*
T cells is OX40L. Transfer of a combination of CD40L
and OX40L molecules in a fibroblast transference tech-
nique induced a cytotoxic T-cell immune response
against autologous tumor cells, which could potentially
be used to generate immunogenic tumor cells for active
or adoptive immunotherapy of CLL.7*

A striking presence of CD4"CD40L" T cells is observed
in pseudofollicles, the hypothesized proliferative com-
partment and histopathologic hallmark of CLL present in
lymph nodes and to a lesser extent in the bone marrow.
Pseudofollicles are not only a collection of proliferating
monoclonal CD5* B lymphoctes but are also formed by a
number of bystander nontumor cells. In pseudofollicles,

proliferative prolymphocytes and paraimmunoblasts are
found to be interspersed with T lymphocytes, which are
supposed to provide short-term proliferative support to
the malignant cells. Most T lymphocytes found in these
centers belong to the CD4" subset and are in close contact
with proliferating Ki67* CLL cells.” Several CD4* T cells
within pseudofollicles express CD40L, implying that they
are in an activated state. Furthermore, follicular dendritic
cells (FDCs) may be detected within pseudofollicles,”
which is reminiscent of the classical copresence of FDCs
and Ag-specific CD4" cells in the germinal centers of sec-
ondary lymphoid follicles. It is unclear how CD4" T cells
in CLL pseudofollicles acquire the expression of CD40L.
In individual CD38 bimodal patients (that is, patients
with two distinct CLL cell populations, one CD38* and
one CD38"), the CD38* subpopulation in bone marrow
was higher than in the peripheral blood, which suggests
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that interaction with the bone marrow environment
might influence the expression of CD38.777¢ CD38
expression is generally higher in areas of pseudofollicles,
and proliferative markers such as Ki-67 might change
upon contact with activated CD4" T cells. In addition,
an important role for CD38 in CD8" cells can be inferred
from the prognostic potential CD38 expression displayed
in male patients with CLL.” Currently, a phase I/1I clini-
cal trial is underway testing an anti-CD38 antibody
(HuMax-CD38™, Genmab, Copenhagen, Denmark) in
patients with multiple myeloma (ClinicalTrials identi-
fier NCT00574288). In CLL lymph nodes, Ki-67* CLL
cells were more likely to be in direct contact with CD4*
activated T-helper lymphocytes than Ki-67 cells.”® The
strong implication of T-cell imbalances in CLL patho-
genesis gives rise to a number of novel therapeutic targets.
One potential target is CD200, which is an immuno-
modulatory molecule that is overexpressed in CLL and
has been implicated in the induction of regulatory T cells
and downregulation of Th1 immune responses.®’ The
combination of an immune induction paralleled by a
disruption of immunosuppressive factors makes CD200
blockage, (for example, with an inhibiting antibody) a
potential powerful tool for future treatment of CLL.%!

Other supportive cellular networks

Apart from the activated T lymphocytes that are sup-
posed to provide short-term proliferative support, a
number of other accessory cell types can be found in
the CLL microenvironment. These accessory cells are in
close contact with the accumulating leukemic pool and
provide long-term support and survival benefits. In vitro,
CLL cells derive survival benefits from interactions with
accessory cells, such as marrow stromal cells.®> Stromal
cells support the survival of CLL cells not only by direct
integrin-mediated adhesion to the stroma but also by
the secretion of soluble factors such as chemokines.
Expression of the major lymphocyte integrin ligands
VCAM-1 (vascular cell adhesion molecule 1) and
ICAM-1 (intercellular adhesion molecule 1) that bind
the integrins VLA-4 (also known as integrin alpha-4)
and LFA-1 (also known as integrin alpha-L), respectively,
was also reported on FDCs (Figure 2).* Furthermore,
FDCs produce the B-cell chemokine CXCL13, which is
responsible for the localization of B lymphocytes within
B-cell follicles of secondary lymphoid tissues.** CXCRS5,
the chemokine receptor for CXCL13, is highly expressed
on CLL cells.®* Other homeostatic chemokine receptors
such as CCR7 and CXCR4 are highly expressed in CLL.
In addition, marrow stromal cells and extramedullary
stromal cells of mesenchymal origin secrete high amounts
of stromal-cell-derived factor 1 (SDF-1, CXCL12),
the ligand of CXCR4. VCAM and CXCL12, secreted
by marrow stromal cells, have vital roles during early,
normal B-cell development and CLL cells are rescued
from apoptosis by cell-cell contact with these cells.>*%
In addition, VEGE which is important for microvessel
formation in the CLL microenvironment, has a growth

promoting and survival effect on CLL cells, and the
motility of CLL cells within certain niches seems to be
dependent on VEGF interaction with integrin signal-
ing.¥” Targeting CXCR4, CCR7 and/or their interaction
with ligands has been used as a novel tool for treatment,
and is currently being explored extensively in vitro and
in clinical trials (Tables 1 and 2).568

Targeting the CLL microenvironment

Rapidly emerging knowledge on microenvironmental
influences provides a rationale for therapeutical use
of immunomodulating agents in CLL treatment.
Lenalidomide, which is already approved for use for
other tumors, and actimid (pomalidomid), which is not
approved yet, are closely related to thalidomide, but less
toxic. Lenalidomide and actimid have shown promising
antineoplastic activity in various tumor types, including
multiple myeloma, myelodysplastic syndrome, renal-cell
carcinoma, and prostate cancer.*>*® Our understanding
of the mechanisms of action of these drugs is still in its
infancy but they clearly change the angiogenesis and the
cytokine micromilieu, and modulate the immune system
by enhancing cytotoxic T-cell and natural-killer-cell
activity. As lenalidomide does not show an antiprolifera-
tive effect in vitro but a clear antitumor effect in vivo, its
efficacy seems to be directly dependent on microenviron-
mental factors. Interestingly, lenalidomide was recently
shown to improve the above discussed impaired synapse
formation between CLL and T cells.®® Furthermore, both
thalidomide and lenalidomide downregulate VEGE, IL-6,
and TNF-1.”! Lenalidomide is clinically active as a single
agent in patients with relapsed or refractory CLL.%>%
Although the exact lenalidomide dose is still under evalu-
ation owing to tumor-flare reactions seen with very high
doses,” the findings nevertheless set the stage for future
clinical studies of lenalidomide and related immuno-
modulatory drugs, not only as single agents, but also as
modulators of established chemotherapy regimens or
maintenance treatments.

Aberrant apoptotic signaling pathways
Multiple signals converge in CLL cells to influence cel-
lular fate. Cell death is regulated by a network of cellular
signaling cascades that are also influenced by intracellular
sensor modules.” A shortcut to cell death is present in the
form of death receptors; in CLL they are CD95/Fas and
TRAIL (tumor-necrosis factor-related apoptosis-inducing
ligand). Upon ligation, these receptors create a platform
for activation of initiator caspases that directly feed into
a caspase cascade leading to cell death.”® Such ‘shortcut’
killing potential is tightly regulated. The intrinsic cell death
pathway, or mitochondrial pathway, is regulated by the
balance between antiapoptotic and proapoptotic members
of the Bcl-2 family. Antiapoptotic proteins (Bcl-2, Bcl-xL,
Bcl-w, A1, Mcl-1) possess the Bcl-2 homology (BH)
domains BH1-4, whereas proapoptotic proteins (Bax,
Bak) contain domains BH1-3, and the so-called ‘BH-3
only’ proteins contain exclusively the BH3 domain.
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Non-death-receptor transmitted death signals derive
from developmental cues (for example, Bim-dependent
B-cell killing upon BCR crosslinking) or from a lack
of survival signals.”® Such death signals also originate
in sensor platforms, such as the DNA damage sensor
network involving the ATM (ataxia telangiectasia
mutated) and p53 tumor suppressors, which prominently
determine survival and treatment outcomes in CLL. All
these pathways modify the action of death sensory mol-
ecules, the most important of which are called “BH3-only”
proteins (for example, Bim, Bid, Bmf, Puma, Bad and
Noxa)—a name derived from their short homology with
members of the classical Bcl-2 family of cell-death regula-
tors. The BH3-only proteins are regulated by incoming
cell death and survival signals and transmit these signals
to the core machinery made up of proapoptotic effector
molecules Bax and Bak as well as of antiapoptotic Bcl-2
family members (for example, Bcl-2 itself, Bcl-xL, Mcl-1
and Al). In one model, BH3-only proteins counteract
the present prosurvival Bcl-2-type proteins in order to
overcome this cell-death inhibition and initiate the Bax/
Bak signal to initiate a caspase cascade.”® Although a few
BH3-only proteins (for example, Bim) can counteract
all known antiapoptotic Bcl-2 family members, others,
such as Bmf or Noxa, can only counteract some of the
opponents within the family (Figure 3). Thus, a complex
network is formed by which the cell establishes a net
signal that will determine its fate.

A number of death signaling components have been
characterized in CLL. CLL cells express CD95 but are
largely resistant to CD95 crosslinking.”” Overexpression
of the CD95 regulator TOSO in CLL might contribute to
CD95 resistance.”® Although CD40 signaling upregulated
CD95 in CLL, cells remained resistant to CD95 trigger-
ing.” This effect, however, was transient in a subset of
patients where CD95 sensitivity was attained after 72h.%
IL-15 treatment was also able to sensitize CD40-stimulated
CLL cells to CD95 crosslinking.!® In addition, CD40L-
stimulated CLL cells were rendered CD95-sensitive by
XIAP (X-linked inhibitor of apoptosis protein) inhibition
using non-SMAC (second mitochondria-derived activa-
tor of caspases) mimetic, synthetic compounds.'®" Also,
CD40-activated CLL cells were effectively killed by geneti-
cally engineered effector cells expressing both the CD95
ligand (CD178) and TRAIL.' With regard to TRAIL
sensitivity, the ex vivo phenotype of CLL is again one of
resistance.'” However, two publications have shown that
histone deacetylase inhibition is able to sensitize CLL to
the effects of TRAIL and that the TRAIL receptor DR4,
but not DR5, was involved in cell killing.*10¢

As mentioned above, CD40 has a prominent role in
CLL pathogenesis. In terms of cell-death regulation,
CD40 signaling has been suggested to trigger a major
reprogramming along the Bcl-2 governed pathway to
cell death.'%>17 In parallel to a pattern observed in CLL
from lymph-node tissue, CD40L triggered upregulation
of Mcl-1 and A1, as well as Bcl-xL antiapoptotic pro-
teins.!% In one report this triggered upregulation also
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Figure 3 | Therapeutic roads into the Bcl-2 death-signaling machinery. The core of
the figure represents the interactions between BH3-only proteins with respect to
their specific inhibition of antiapoptotic multidomain Bcl-2 family members. This
inhibition then leads to an activation of the Bax/Bak complex, resulting in
activation of the cell-death executioner machinery. The outer circle of the figure
represents signals that influence cell-death machinery—either as intrinsic signals
or as therapeutic approaches. Abbreviations: BCR, B-cell receptor; BH1-4, Bcl-2
homology domain 1-4; BH3, Bcl-2 homology domain 3; CD40L, CD40 ligand; CLL,

chronic lymphocytic leukemia; IL, interleukin; LN, lymph node;

Tcl-1, T-cell

leukemia-1; TRAIL, tumor-necrosis-factor apoptosis-inducing ligand.

led to downregulation of the BH3-only protein Noxa,
while the relatively highly expressed Bim and Bmf
remained (almost) unchanged;'* however, in another
report Bim was reduced.'® In CLL, Noxa did not seem
to be exclusively induced by p53, but regulated by extra-
cellular signaling.'®®!” Among the other BH3-only pro-
teins, Puma has been shown to be regulated in response
to p53 stimuli,'®® and Bim and Bmf seem to be consti-
tutively expressed.!'® Other upstream signals involved
in regulation of Bcl-2 family member proteins in CLL
include extracellular cues (such as BCR or cytokine sig-
naling), microRNA input or conventional therapeutic
intervention via cytotoxic drugs.

BCR signaling has been reported to also be able to regu-
late Mcl-1.* This was suggested to be mediated via Akt
signaling. Akt has also been shown to target BH3-only
proteins Bad and Bim for deactivation by phosphoryla-
tion.!'»12 Interestingly the Akt signal seems to be posi-
tively modified by the overexpression of Tcl-1, which is
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Table 3 | Ongoing and currently recruiting clinical trials targeting cell-death regulatory molecules

Substance Study Drug mechanism Disease entity Clinical Trials Status
phase identifier
GX15-070 /11 BH3 mimetic Untreated CLL NCTO0600964 Completed
GX15-070 1711 BH3 mimetic Pretreated CLL NCTO0438178 Completed
GX15-070, fludarabine | BH3 mimetic Pretreated CLL NCT00612612 Recruiting
and rituximab
ABT-263 171 BH3 mimetic Pretreated CLL NCT00481091 Recruiting
ABT-263 | PK BH3 mimetic Pretreated CLL NCT00743028 Recruiting
and others
AT-101 1l BH3 mimetic Pretreated CLL NCT00286780 Completed
AT-101 1l BH3 mimetic Pretreated CLL NCT00275431 Completed
and others
Oblimersen, fludarabine ll Bcl-2 antisense Pretreated CLL NCTO0078234 Active, but not recruiting
and rituxumab
Oblimersen 1711 Bcl-2 antisense Pretreated CLL NCT00021749 Completed
Oblimersen, fludarabine /11 Bcl-2 antisense Pretreated CLL NCT00024440 Active, but not recruiting
and cyclophosphamide
SPC2996 1711 Bcl-2 antisense Pretreated CLL NCT00285103 Active, but not recruiting
AEG35156? 171 XIAP inhibitor Pretreated CLL NCTO0768339 Recruiting

2Drug target is inhibitor of apoptosis protein. Abbreviations: BH3, Bcl-2 homology domain 3; CLL, chronic lymphocytic leukemia; PK, pharmacokinetic; XIAP,

X-linked inhibitor of apoptosis protein

found in a relatively large proportion of patients with CLL
and has been proposed to be the consequence of a dys-
regulation of the microRNAs, miR-29 and miR-181.""113
In addition, miR-15 and miR-16 were proposed to be the
basis of constitutive Bcl-2 overexpression in CLL.!H14115
Another reported signal that modifies cell-death machin-
ery is IL-21, which mediates apoptosis through upregu-
lation of Bim."¢ Increasing our understanding of the
deregulated cell-death machinery in CLL is a prerequisite
to developing new targeting strategies that might engage
the cell-death machinery in a more-effective way.

Targeting apoptotic pathways

Currently, the mainstay of therapeutic strategies that kill
CLL cells is still cytotoxic chemotherapy with alkylat-
ing agents or purine analogs. The major contribution to
cell death in this respect stems from the DNA damage
response via p53 that leads to a dominant cell-death
signal via Puma.'®®"” A major problem encountered with
these strategies is that a number of patients with CLL
harbor defects in the DNA damage machinery that leads
to deactivation of the pathway. Apart from the prognosti-
cally highly significant del17p® (a surrogate marker for
p53 deletion), p53 mutation,''® ATM deletion or muta-
tion""? and changes in the MDM2 p53 signal modifier'?
have been described to influence prognosis and poten-
tially therapy sensitivity by modulating the DNA damage
response. The challenge thus seems to be to bypass such
resistance and produce p53-independent cell death. In
CLL without deficient DNA damage response, specific
microenvironmental cues may protect a small popula-
tion effectively from current death-inducing treatment
strategies and thus harbor the seed of therapeutic failure.

In this respect, classic chemotherapy may still be part of
a winning concept, if combined with modulation of the
relevant cell-death pathways.

Regarding the targeting of death-receptor path-
ways, the exploitation of CD95 signaling seems to be
restricted, as systemic CD95 triggering leads to fulminant
liver toxicity.'* The role of TRAIL receptor targeting is
currently under development. While recombinant TRAIL
is developed, a strategy of triggering TRAIL receptors
via antibody-strategies is also pursued. However, no
trials in CLL have been reported to clinicaltrials.gov.
Efforts to combine TRAIL receptor agonists with histone
deacetylase inhibitors will be important.!®>!%

Modification of the cell-death machinery along the
CD40 signaling cascade seems promising. While CD154
(CD40L) has previously been used to generate relevant
immune responses,” its application was able to induce
the p53-related transcription factor p73, leading to a
sensitization of p53-deficient CLL cells to conventional
therapeutics such as fludarabine.’? This result suggests
that the CD40 signal may also have a positive effect on
conventional therapy. On the other hand, inhibition of Abl
and Src-like kinases by dasatinib was able to revert the
complete antiapoptotic program induced by CD40 stimu-
lation and may contribute to overcoming chemoresistance
in microenvironmental niches.!®®

Finally, a number of approaches have been taken to
directly modulate the core components of the Bcl-2 cell-
death machinery. The Bcl-2 antisense molecule obli-
mersen is the most advanced agent in clinical testing.
Encouraging phase I/II and phase III data in CLL were
reported,'?*!?* with longer response duration after flu-
darabime and cyclophosphamide plus oblimersen than
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fludarabime and cyclophosphamide alone. Oblimersen
has been filed for FDA approval and is the first agent
to change the cell-death outcome in CLL by targeting
the cell-death machinery. However, given the important
roles of other prosurvival Bcl-2 family members such as
Mcl-1 and A1 for the pathogenesis of CLL (discussed
earlier), targeting of Bcl-2 alone might be less efficient
than other targeting strategies in development. New
classes of substances in development are the “BH3-
mimetics” and “pan-Bcl-2 family antagonists”. These
molecules mimic the BH3 domain of BH3-only death-
inducing proteins and are thought to liberate BH3-only
proteins from the inhibition by antiapoptotic Bcl-2
proteins, thus making them effective killers. A relevant
therapeutic window seems to be achieved by the tumor
cells themselves. Owing to oncogenic stress signals and
failed checkpoint controls, tumor cells display a balance
between proapoptotic and antiapoptotic signals that is
much closer to the cell-death threshold than is the case
in normal tissues, which makes tumors more susceptible
to the effects of antiapoptotic protein signals.'?®

ABT-737'¢ (plus orally available derivative ABT-263)
and GX15-070 (Obatoclax)'*” were described to kill target
cells using a BH3-only protein displacement strategy.
While ABT-737 shows “Bmf-like” specificity (that is, it
targets Bcl-2 but not Mcl1-like proteins), data presented
for GX15-070 suggest a “Noxa-like” behavior (that is, it
efficiently targets Mcl-1 but not Bcl-2)."*® Consequently, a
combination of both substances was more effective than
the single substance.'?® Both substances are in clinical
trials in CLL, with a phase I trial in extensively pretreated
disease reported for Obatoclax'® and a phase I/II study of
ABT-263 published in abstract form.'** Both substances
showed single agent efficacy in extensively pretreated col-
lectives. At least one further substance with Bcl-2 binding
activity, AT-101, a gossypol derivative, is in development
in CLL. Preclinical data suggest that AT-101 may help to
overcome stroma-mediated drug resistance;'*' phase II
data were reported in abstract form.* Trials underway
are listed in Table 3.

Given the expression profile of Bcl-2 proteins in
CLL cells, a number of strategies seem promising. For
example, one might combine substances that selectively
downregulate antiapoptotic Bcl-2, such as ABT-263, with
substances that preferentially target antiapoptotic Mcl-1,
such as GX15-070, to achieve additive or synergistic

effects. Other strategies could be aimed at upstream
signals, such as targeting CD40 using CD40 antibodies or
dasatinib. GX15-070 could be used in combination with
oblimersen to cover a wider range of Bcl-2 family pro-
teins. On a more conventional note, BH3-only mimetic
treatment might help counteract microenvironmentally
determined chemotherapy resistance in combination
with cytotoxic CLL treatment.

Conclusions

Currently, the major problem in the treatment of CLL
is that, despite promising response rates in recent
years, patients with high-risk disease still seem to
relapse with mostly unchanged kinetics. During these
relapses the disease is often refractory to conventional
chemotherapeutics. Targeting the immune and micro-
environmental interactions in CLL might provide the
means to relieve protection of the malignant cells derived
from those interactions, and may create strong syner-
gies with conventional therapeutics, allowing control of
CLL even in the ‘hideaway’ places where residual disease
survives conventional therapeutics. In addition, chronic
modulation of pathophysiologically relevant signals may
modify the rate of disease progression. Such strategies
may then help to maintain an MRD-negative state in
CLL after intensive chemoimmunotherapy, a state that
has been associated with superior long-term survival
in patients with CLL. Finally, a better understanding of
the ways in which CLL cells escape cell-death cues from
extracellular signals as well as from cytotoxic stress will
facilitate the intelligent design of strategies employing the
growing number of modulators available in this field.

Review criteria

The information for this Review was compiled by searching
the PubMed database for articles published before 10
November 2008, including electronic publications available
ahead of print. In addition, selected topics were identfied by
searching the abstract databases of the American Society
for Hematology and the ASCO websites. Search terms
included “chronic lymphocytic leukaemia” “B cell receptor”
“T cell,” “integrins” “stroma” “adhesion” “cell death” and
“Bel-2”. Full articles were obtained and references were
checked for additional material and primary references
when appropriate. Listings of ongoing clinical trials for CLL
were retrieved from the www.clinicaltrials.gov website.
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